Both experimental and analytical studies have been performed on the temperature coefficient of reactivity in a light-water moderated and reflected core loaded with highly-enriched-uranium fuel, which was constructed in the Kyoto University Critical Assembly (KUCA). The temperature effect on reactivity was measured for the range of 20~70-C to investigate separately the effects of (1) the fuel pitch (H/235U atomic ratio) and (2) the core shape on this physical quantity. The experimental data were analyzed with use of the SRAC code system. The calculated eigenvalue kern agreed with the measured one within 0.5% in the C/E ratio for both the 2-and 3-dimensional diffusion calculations. The experimental data were approximately reproduced by both the eigenvalue and perturbation calculations. It was found that the contribution of the core region was negative to the temperature coefficient of reactivity, whereas that of the reflector region was positive. The synthesis of these contributions made the temperature coefficient negative in total. The degradation of moderation was the main contributor in the core region, whereas the decrease in the neutron absorption in the reflector region. The positive contribution of the reflector region became larger as the H/235U atomic ratio became smaller and the core shape became more slender.
I. INTRODUCTION
The temperature coefficient of reactivity is one of the most important physical quantities to assess the inherent stability of a reactor. It is difficult, however, to obtain an accurate value of this quantity by the neutronics calculation. The reason is that this quantity is determined through complicated competitions of positive effects on reactivity with negative ones, both of which are caused by the increase in reactor temperature. Although this problem is well known(1) (2), it is still current to study on this subject. An accurate neutronics calculation would be further required to reveal the complicated mechanism of the temperature effect on reactivity not only qualitatively but also quantitatively.
TECHNICAL REPORT (M. Mori et al.) .1 Nucl. Sci. Technol.,
To investigate the temperature effects on reactivity in research reactors loaded with highly-enriched-uranium fuel, light-water moderated and reflected rectangular-parallelepiped cores were constructed in the C-core(3)(4) of a multi-core type critical assembly, Kyoto University Critical Assembly (KUCA). These cores had simple configurations suitable to provide the benchmark data for the assessment of the neutronics calculation. The present investigation was focused on the observation how the temperature coefficient of reactivity depends upon (1) the H/235U atomic ratio (i.e. fuel pitch or moderator-to-fuel ratio) and (2) the core shape (i.e. core configuration).
The experimental data were analyzed using a code system SRAC(5) developed at Japan Atomic Energy Research Institute (JAERI). The validity of a few computational methods based on diffusion theory was examined in the present analysis. On this basis, further studies were carried out to investigate (1) the contribution of the core region to this physical quantity, separately from that of the reflector region, (2) the contribution of each nuclear feature (diffusion, moderation, absorption etc.) to this quantity, and (3) each effect of various physical processes (thermal expansion, thermal neutron spectral shift etc.) on this quantity.
II. EXPERIMENTAL 1. Description of Cores Light-water moderated and reflected cores were constructed in the Al C-core tank of 1.8 m in depth and 2 m in diameter at the KUCA. The core was equipped with three control rods (C1, C2 and C3) and three safety rods (S4, S5 and S6), all of which were located at the boundary of the core and reflector regions. Cadmium was employed as the neutron absorber for either control or safety rod.
An illustration of a fuel plate is shown in Fig. 1 . The fuel plate has a flat shape (ETR-type) and contains uranium-aluminum (U-A1) alloy in Al clad. One fuel plate contains 8.89 g of 235U and 9 .55 g of U, namely the enrichment is 93.10%. The U content in U-A1 alloy is 20 w/o , i.e. 0.59 g/cm3 U. One by one, each fuel plate can be inserted between two Al side plates to form a fuel element.
Two types of side plates shown in Fig. 2 were used to vary the H/235U atomic ratio in the fuel region. These side plates have grooves for insertion of fuel plates in a 4.54 mm or a 3.49 mm pitch, which is employed to construct the so-called C45 or C35 core, respectively.
A view of a fuel element is shown in Fig. 3 . The fuel elements were installed on a grid plate in the C-core tank with a 71 mm pitch in one direction and a 142 mm pitch in the other direction to form a core. Thirty-one or 40 fuel plates in maximum can be loaded in the C45 or the C35 fuel element, where the H/235U atomic ratio is 315 or 212, respectively.
The temperature effects on reactivity were measured for the three cores shown in Fig . 4 . For identification, these cores were designated as the C45G0 (5 Rows), C35G0 (5 Row) and C35G0 (3 Rows) cores. In the above notation, GO means that there was no light-water gap in the fuel region. In the cores (a) and (b) shown in Fig. 4 , the fuel elements were assembled in 5-row configurations. From this figure, it is clear that the longitudinal sizes of these two cores were exactly the same, and the lateral sizes of them were approximately equal with each other. Consequently, the differences in the temperature coefficients between these two cores would be mainly attributed to the change in the fuel pitch. The core (c) in Fig. 4 is a 3-row core constructed with the same fuel pitch of 3.49 mm as the core (b). Since this core was long in the lateral direction and narrow in the longitudinal direction, the dependence of the temperature coefficient upon the core configuration could be investigated through a comparison with the core (b), whose shape was nearly right square.
2. Procedure of Experiment The temperature effect on reactivity was measured by the following procedure :
(1) Seven thermocouples and two quartztype thermometers were settled at various positions in the system as shown in Fig. 5 . (2) Light-water was fed to the C-core tank, then the stroke of one control rod was adjusted to attain criticality, under the condition that all other rods were fully withdrawn. (3) After the core reached criticality, the excess reactivity was measured by the positive period method. When the core was subcritical even under the condition that all control rods were fully withdrawn, the subcriticality was measured by the source multiplication method. (4) After the measurement of the excess reactivity or subcriticality, light-water was dumped into the dump tank of the C-core, where heaters and a stirrer were installed. (5) When light-water was heated up to an appropriate temperature, sometimes with the aid of the auxiliary core tank loop having a heater, Steps (2) and (3) were carried out.
(6) Steps (4) and (5) described above were repeated at other temperatures to measure the temperature effects on reactivity. Table I shows the measured excess reactivities obtained through the above procedure and the temperature coefficients obtained from the measured data of excess reactivities. Here, the temperature coefficient was calculated as follows: Let r(T) be the excess reactivity at a temperature T (-C) and r(T+DT) be the excess reactivity at a temperature T+DT(-C). Then, the temperature coefficient a(T+DT /2) was obtained as 
where a, b, c: const .
These results are also tabulated in Table 1 . These data were processed using temperatures measured by TC#11 among the nine thermometers shown in Fig. 5 . Note here that the maximum difference in measured temperatures was less than 1-C, which indicated the uniformity of temperature in the reactor system. The maximum experimental error was estimated to be ± 0.005%Dk/k for the excess reactivity measurement in the C-core from experience.
The temperature coefficients of all the three cores are negative, except for the C35G0 (3 Rows) core in the low temperature region. The experimental data will be compared later with the calculated results. III .
CALCULATIONS
The calculation was performed using SRAC(5), which was developed as a code system for the analysis and design of a thermal nuclear reactor.
The calculation can be divided into the following two procedures: Namely, (1) the generation of 4-group constants and (2) the analysis of the temperature effect on reactivity. The flow chart of calculation is shown in Fig. 6 .
1. Generation of 4-group Constants The 4-group constants for the core calculation were generated at three temperatures 300 K (27-C), 325 K (52-C) and 350 K (77-C), for which scattering kernels are available in the neutron cross section library of SRAC. In this procedure, the following serial two steps were performed using SRAC to take the heterogeneity of core into account :
Step 1: Cell calculations
Step 2: Super cell calculations The fundamental cross section library of SRAC is produced mainly from the ENDF/B-IV file with 107 energy groups. The transport cross sections for the P0 transport calculation were obtained by the B1 approximation, and the diffusion coefficients were generated as D= 1/3Str,. The resonance absorption for heavy nuclides was calculated by two methods: The table look-up method for the neutron energy E>= 130.07 eV, and the collision probability method using the ultrafine energy points of 4,600 for 130.07 eV>=E>=0.68256 eV (thermal cut-off). Thus, the user library was generated with a structure of 107 energy groups (70 fast and 37 thermal groups) as shown in Table 2 . At this step, the following three physical processes were taken into account :
(1) Doppler broadening (2) Thermal expansion (i.e. decrease in atomic number density of light-water) (3) Thermal neutron spectral shift (i.e. change of scattering kernel in thermal energy region). Note that the thermal expansion effects of fuel plates, side plates, and other core structures were neglected, since these effects were negligibly small compared with those of lightwater.
Step 1: Cell Calculations The cell calculations were performed to obtain the 19-group collapsed and homogenized constants for a fuel region by employing models shown in Fig. 7 . This step was further divided --65 -- 1, the super cell calculations were performed using CITATION(6) (multi-dimensional diffusion calculation code) in SRAC. This step was also divided into two steps; the super cell I and II calculations.
(a) Super Cell I Calculation The super cell I calculation was performed using a one-dimensional (1-D) cylindrical geometry shown in Fig. 8 to generate the 4-group (3 fast and I thermal groups) constants of the core and reflector regions. Here, the effective radius of core Rc was introduced, since the actual core had a rectangular-parallelepiped geometry. The primary cell calculation was performed to obtain cell-averaged cross sections for the fueled region, which was composed of fuel meat (U-A1 alloy), Al clad and light-water moderator. Assuming a fixed source problem, this calculation was performed with the 107-group user library using a slab geometry option of the collision probability routine in SRAC.
(b)
Secondary Cell Calculation The secondary cell calculation was performed to take into account the neutron flux distributions in the lateral direction. This calculation was also performed using the slab geometry option of the collision probability routine in SRAC. Then, the cell-averaged 19-group constants (10 fast and 9 thermal groups) of the core region were generated using the 107-group constants for the actually fueled region, which had been obtained in the primary cell calculation. Note here that, for regions exclusive of the fueled region, the 19-group constants were generated in advance by collapsing the 107-group user library using the standard spectrum (fission+ 1 /E + Maxwellian) installed in SRAC.
Step 2: Super Cell Calculations Using the 19-group constants obtained in Step If an ordinary method were used to preserve an area of the horizontal cross section of the core region, a value of Rc for the C35G0 (3 Rows) core would become larger than that for the C35G0 (5 Rows) core. This is contrary to a consideration that the neutron leakage would be conspicuous in the 3-row core compared to the 5-row core. Therefore, under the condition that the information on the horizontal buckling was inaccurate at this step of calculation, the following rough assumption was made to determine Rc on the analogy of the bare reactor theory : Fig. 8 .
The super cell II calculation was performed in order to obtain the 4-group constants of axial structures for 3-dimensional (3-D) calculations and the group-dependent axial bucklings (4 groups) for 2-dimensional (2-D) calculations. The 1-D slab geometry option of CITATION was employed for this purpose. In this step, the transverse buckling was calculated using the value of reflector saving shown in Fig. 8 under an assumption that the horizontal reflector saving is equal with the vertical one.
Then, the calculated axial neutron flux distributions were fitted by cosine curves to obtain the group-dependent axial bucklings at each temperature as listed in Table 3 . plication factors keff at 27-C in comparison with the experimental data. The experimental data are obtained by substituting 27-C into Eq. ( 2 ), whose coefficients have been determined as listed in Table 1 . The calculated keff values agree with the experimental data within 0.5% in the C/E ratio both for the 2-D and 3-D calculations at the three temperatures 27, 52 and 77-C. Figure 11 shows the temperature effects on excess reactivity in the individual cores. Note 
IV.
RESULTS AND DISCUSSIONS Table 4 shows the calculated effective multi- 4 ) The magnitude of the negative temperature coefficient is greatest in the C45G0 (5 Rows) core. The next greatest magnitude is found in the C35G0 (5 Rows) core, and the smallest magnitude in the C35G0 (3 Rows) Ore. The negative gradients of temperature coefficients in the C35 cores are slightly steeper than the gradient in the C45 core.
Assessment of Calculations
Calculated temperature coefficients have slightly larger negative values than the experimental data. The gradients of temperature coefficients calculated for the 5-row cores agree well with those of the experimental data, whereas the gradient of calculated results for the 3-row core slightly differs from that of the experimental data. (namely, the contribution of the core region has a larger negative value and that of the reflector region has a larger positive value) than that by the first order perturbation method. Table 6 shows the breakdown of temperature coefficients in the C35G0 (5 Rows) core by the perturbation calculation.
The difference between the exact and the first order perturbation methods is found mainly in the fission and absorption terms of the core region and in the absorption term of the reflector region. These terms are closely related to the thermal neutron flux distributions. Table 6 Breakdown of temperature effect on reactivity into each component of nuclear features in C35G0 (5 Rows) core by perturbation calculation --71 -- Figure 13 shows the calculated flux distributions of thermal neutrons in the C35G0 (5 Rows) core at 27 and 77-C. Note that the neutron flux is normalized to unity at the core center. The calculated neutron flux at 77-C is larger than that at 27-C in the reflector region and in the core region adjacent to the reflector region. This indicates that the number of neutrons moderated in the reflector region becomes larger with the increase in temperature. Although the change in the reactor condition occurs over the whole system with the increase in temperature, the first order perturbation theory is reasonably applicable in this case, since the change is rather small in the forward neutron flux. The negative contributions of core regions are approximately equal with each other in magnitude. As for the positive contributions of reflector regions, the largest magnitude is found in the C35G0 (3 Rows) core, the second is in the C35G0 (5 Rows) core and the smallest in the C45G0 (5 Rows) core. This results in the tendency of the magnitudes of total temperature coefficients in the above three cores. Figure 15 shows the calculated thermal neutron flux distribution in each core, which is considered to be closely related to the positive temperature coefficient in the reflector region. Note that these flux distributions are normalized to unity at the core center.
Firstly, comparing the C45 and C35 5-row cores, it is found that the flux peaking in the reflector region of the C35 core with a smaller H/235U atomic ratio is larger than that of the C45 core. Secondly, comparing the C35 5-row and 3-row cores, the flux peaking in the slender 3-row core is larger than that in the nearly square 5-row core. The reason is that the number of neutrons moderated in the reflector region becomes larger when the H/235U atomic ratio (in this case, water-to-metal-volume ratio) becomes smaller and the shape of core region becomes more slender. This indicates that, if the efficiency of neutron reflection grows larger with the increase in temperature, a larger positive temperature effect on reactivity will be caused in a reactor system which has a larger flux peaking in the reflector region. Figure 16 shows the contribution of each nuclear feature (diffusion, moderation, absorption etc.) to the temperature coefficient in the C35G0 (5 Rows) calculated by the exact perturbation method; (a) corresponds to the core region and (b) to the reflector region. In the core region, the change in the neutron absorption rate also causes the change in the fission rate, therefore, the sum of these two contributions is plotted in Fig. 16(a) .
Contributions of Nuclear Features
In the core region, the main contribution to the temperature coefficient comes from the degradation of moderation as shown in Fig.  16(a) . The negative gradient of temperature coefficient in the core region is mainly attributed to this term. The degradation of moderation is caused by the decrease in macroscopic scattering cross sections due to the decrease in the atomic number density of light-water. From the consideration that the coefficient of thermal expansion for light-water is an increasing function with temperature, the tendency of this moderation term is understandable.
In the reflector region, the absorption term is the main contributor to the temperature coefficient as shown in Fig. 16(b) . The change in this term is attributed to the decrease in absorption cross sections of light-water, which is caused by both the thermal expansion and the thermal neutron spectral shift.
4. Examination on Physical Processes Figure 17 shows the results of the eigenvalue calculation considering two main physical processes (i.e. thermal expansion and thermal neutron spectral shift), separately. From this figure, it is found that the thermal expansion causes the negative effect on reactivity for all the cores, whereas the thermal neutron spectral shift does the positive one, and the overall temperature coefficient is negative . Note that the Doppler broadening causes negligibly small effect on reactivity, since highlyenriched-uranium fuel was loaded in the core.
The negative temperature coefficient caused by the thermal expansion of light-water is Fig. 17 Effects of physical processes on temperature coefficients of reactivity mainly attributed to the negative one in the core region. The thermal expansion causes the decrease in the atomic number density of lightwater with the increase in temperature. This gives the negative effect on reactivity mainly by the decrease in the H/235U atomic ratio. In other words, the leakage probability of fast neutrons increases mainly with the decrease in macroscopic scattering cross sections of light-water. The increase in the leakage probability of thermal neutrons causes rather small effect on reactivity compared with that of fast neutrons. The positive temperature coefficient caused by the thermal neutron spectral shift is mainly attributed to the positive one in the reflector region. The thermal neutron spectral shift causes the decrease in microscopic absorption cross sections for thermal neutrons. This causes the increase in the efficiency of neutron reflection by light-water reflector, which introduces the positive effect on reactivity in the reactor.
V. CONCLUSIONS
The results obtained through the present study are summarized as follows :
(1) In the temperature range of 20~70-C, the temperature coefficients of reactivity were negative for all the cores under investigation. The magnitude of negative temperature coefficient was greatest in the C45G0 (5 Rows) core. The next magnitude was found in the C35G0 (5 Rows) core, and the lowest was in the C35G0 (3 Rows) core.
(2) The calculated eigenvalue keff agreed with the measured one within 0.5% in the C/E ratio for both the 2-D and 3-D calculations. The measured temperature effects on reactivity were approximately reproduced by both the eigenvalue and perturbation calculations. (3) In each of the three cores, the contribution of the core region was negative to the temperature coefficient and had a negative gradient, whereas the reflector region gave an approximately constant positive contributions. The sum of these contributions made the negative temperature coefficient having a negative gradient in total.
(4) The contribution of the reflector region became larger, as the flux peaking of thermal neutrons in reflector became larger. The flux peaking became larger, as the H/235U atomic ratio became smaller and the core shape became more slender. (5) In the core region, the main contribution to the temperature coefficient of reactivity was attributed to the degradation of moderation, which was caused by the decrease in macroscopic scattering cross sections due to the decrease in the atomic number density of light-water. (6) In the reflector region, the main contribution to the temperature coefficient was attributed to the decrease in microscopic absorption cross sections, which was caused by the increase in neutron temperature. (7) The results of 2-D calculations agreed well with those of 3-D calculations. This indicates that one could successfully calculate the temperature coefficient by the 2-D model, if the change in axial buckling due to the increase in reactor temperature were adequately taken into consideration. (8) The calculated temperature coefficients by the exact and the first order perturbation methods agreed well with each other. This indicates that, although the change in the reactor condition occured over the whole system with the increase in reactor temperature, the first order perturbation theory was applicable to calculate the temperature coefficient. The reason is found in the fact that, for the present core under investigation, the neutron flux distribution changed gently over the whole system and the negative effect on reactivity in the core region competed with the positive one in the reflector region.
